In the present study, the microspacecraft bulkhead was reduced to the double honeycomb panel, and the projectile oblique hypervelocity impact on the double honeycomb panel was simulated. The distribution of the debris cloud and the damage of a honeycomb sandwich panel were investigated when the incident angles were set to be 60 ∘ , 45 ∘ , and 30 ∘ . The results showed that as incident angle decreased, the distribution of debris cloud was increased gradually, while the maximum perforation size of the rear face sheet was firstly increased with the decrease of the incident angle and then decreased. On the other hand, the damage area and the damage degree of the front face sheet of the second honeycomb panel layer were increased with the decrease of the incident angle. Finally, the critical angle of front and rear face sheets of the honeycomb sandwich panel was obtained under oblique hypervelocity impact.
Introduction
A large amount of the space debris has been accumulated as the increase of the human space activities within the scope of the near-earth space, which posed a serious threat to the safe operation of the spacecraft in orbit [1, 2] . Honeycomb sandwich panel is commonly used as a kind of structure material of the spacecraft bulkhead which is made up of panels and honeycomb core sticking together [3, 4] . The space debris can easily penetrate honeycomb sandwich panel with an average speed of 10 km/s in the earth orbit [1, 3] . As for the spacecraft bulkhead, the honeycomb sandwich panel will be firstly suffered the impact of the space debris [5, 6] .
A lot of researches have analyzed the damage characteristics induced by the impact of the space debris on the monolayer honeycomb sandwich panel [7] by experiments and numerical simulations by considering the effects of size [8] , the impact velocity [8, 9] , the materials [10] , and the collision limit [11] . But the hypervelocity impact on double honeycomb sandwich panels which is different from two layer honeycomb sandwich panels being bonded together [5] has not yet been reported. One side of the spacecraft bulkhead will be penetrated; then the inside the equipment and the other side of the bulkhead can also be damaged due to the high speed and the large kinetic energy of the space debris. The study of the effects of the high speed impact on the front and rear bulkheads is necessary.
In view of the space debris impact on both sides of the spacecraft bulkhead, the spacecraft was simplified to the structure of double honeycomb sandwich panel, which used to study the breaking condition of the projectile and the damage of the honeycomb sandwich panel under the oblique impact. Finally, the critical incident angle of the single honeycomb sandwich panel is calculated in this paper. Figure 1 shows a double honeycomb sandwich panel structure of the simplified model of the spacecraft. The distance between two layers of the honeycomb sandwich plates is 500 mm and the space debris is simplified as spherical aluminum alloy projectiles. Smoothed Particle Hydrodynamics (SPH) is used as aluminum alloy projectile model which can solve the problem that the mesh deformation of projectile is too large. Finite element method (FE) is used in the honeycomb sandwich panel model and the shell element is used for the honeycomb core. Particle size of SPH is set to be 0.2 mm. Grid size near impact point and outside 2 International Journal of Aerospace Engineering are set to be 0.3 mm and 0.8 mm. Each honeycomb core is equal to the grid on the panel correspondingly. By using the model in Figure 2 , the nodes of honeycomb core and panel grids are processed. The process of the projectile impact on honeycomb sandwich panel at a high speed was simulated using AUTODYN 15.0 and the simulation parameters were shown in Table 1 . Geometric strain was used as the erosion model, and the value was set 2. In this model, is the projectile diameter, ℎ is thickness of honeycomb sandwich panel, is a side length of hexagonal honeycomb core, is height of the honeycomb core, and is thickness of cellular wall. The model parameters of the honeycomb sandwich panel in this paper were based on data from microspacecraft project, which can apply to communication, ground remote sensing, the interplanetary exploration, scientific research, and so forth.
Model of Simulation
Johnson-Cook model can describe the nonlinear process of the high speed impact, which can be written as
in which , , , , are constants related to materials,̇ * is the ratio of reference strain rate and strain rate, * = ( − )/( − ), is room temperature (300 K), and is the melting point of materials. Material parameters of numerical simulation are shown in Table 2 .
We have validated the accuracy of the simulation model by experiment as shown in Figure 3 [13] and Table 3 . The experimental results coincide with the simulation results, which verified the correctness of the simulation model.
Projectile Oblique Impact on Structure of Double Honeycomb Sandwich Panel

The Configuration of Debris Cloud.
Half symmetry model was adopted, including 145164 solid elements, 239056 shell elements, and 4072 SPH particles. The projectile velocity is set to be 3.07 km/s. 3 km/s (or lower) was studied because it is in the extent of speed of orbital debris, and less than or equal to 3 km/s is an important part of the ballistic limit. Every SPH particle contains various kinds of physical quantities, such as mass and speed, and so forth. The distribution of debris cloud can be described by the analysis of the projectile mass fraction of debris cloud. The distribution of debris cloud after the projectile impacted the first layer of honeycomb sandwich panel was shown in Figure 4 . In Figure 4 (a), the debris cloud distribution area was divided into three regions. Region I was the part above the front face sheet of honeycomb sandwich panel, which was the backwash debris cloud. Region II was the interior of the honeycomb sandwich panel, which was
International Journal of Aerospace Engineering 3 made of the radial motion parts of projectile debris cloud and the backwash debris cloud which formed due to influence of the rear face sheet. Region III was the part below rear face sheet, which was the debris cloud part which go through the rear face sheet. ∘ , and 30 ∘ , respectively. The debris cloud distribution was obviously influenced by the impact angles. In order to analyze the distribution of debris cloud accurately, the projectile mass fraction of the debris cloud in different debris cloud distribution areas was obtained as shown in Table 4 . From Figure 4 and Table 4 , it can be seen that Region III increased gradually with the decrease of the impact angle. The projectile debris cloud was mainly distributed in Region III when the impact angle was 30 ∘ , and the main movement direction of the debris cloud was in the vertical direction. 
Damage of the First Layer of Double Honeycomb Sandwich
Panel. Damage of the panel and honeycomb core after the projectile impact the first layer of double honeycomb sandwich panel was formed as shown in Figure 5 . The debris cloud of projectile enters the honeycomb sandwich panel inside can be divided into two parts, one was the "main part" which was between the two straight lines as shown in Figure 5 , and the other part was the "secondary part" which was between the two curves except "main part"; this part of debris cloud did not have enough kinetic energy to get through the panel but only expanded inside the honeycomb core after the backwash and then penetrated into the cellular wall. Since penetrating the cellular wall will consume the kinetic energy of debris cloud, the energy of the debris cloud decreased so that it cannot penetrate into the honeycomb core again after penetrating a certain number of the cellular walls. A coordinate system was given to describe the damage degree of honeycomb panel ( Figure 5(a) ), and the coordinate origin can move along -axis. With the decrease of the projectile impact angle, the projectile velocity along -axis was reduced accordingly. The projectile mass fraction of inflation debris cloud along -axis was also reduced. As a result, damage area of the honeycomb core caused by debris cloud was decreased. It can be seen from Figure 6 that the expansion scope of debris cloud was reduced with the decrease of the impact angle. When the impact angle was 30 ∘ ( Figure 5(d) ), the damage range of the honeycomb core was reduced significantly compared with 60 ∘ (Figure 5(b) ) and 45 ∘ ( Figure 5(c) ). Thus, there are obvious relationships between the damage of honeycomb sandwich panel and the impact angle. Different impact angles lead to various perforation shape and size of rear face sheet as shown in Table 5 . It can be found that the perforation shape can be described by an ellipse approximately. The perforation shape was more likely an oval shape when the impact angle was 60
∘ compared with that of 45 ∘ and 30 ∘ ; this was induced by the degeneration of elliptic equations.
As shown in Table 5 , the largest perforation size of the front face sheet reduces with the decrease of the impact angle. Meanwhile, the largest perforation size of the rear face sheet was increased firstly and then decreased. The largest perforation size of the front face sheet was slightly greater than the rear face sheet when the impact angle was 60 ∘ , but the former is significantly smaller than the latter when the impact angle was 45 ∘ and 30 ∘ . This is because the velocity component of -axis was larger when the impact angle was smaller and more debris cloud particles impact the rear face sheet, resulting in the greater damage in the rear face sheet.
Damage of the Second Layer of Double Honeycomb
Sandwich Panel. For the double honeycomb sandwich panel structure, the projectile was broken after it penetrated the first layer of the honeycomb sandwich panel, and then the projectile continued to move in the form of debris cloud until it impacted the second layer of honeycomb sandwich panel. The shape of debris cloud was related to the incident angle of the projectile, including the projectile broken partly or completely. The damage degree of rear face sheet was associated with the shape of projectile debris cloud. Because of the size and velocity, the nonsignificant fragment of front face sheet of the first layer of honeycomb sandwich panel was observed, so we ignored the effect of fragment of face sheet on damage in this paper.
The debris cloud, which formed after the projectile penetrated into the first layer of the honeycomb sandwich panel, impacted the second layer of honeycomb sandwich panel, where distance to the first layer is 500 mm. The projectile mass fraction of debris cloud which penetrated the first layer of the honeycomb sandwich panel was not much and broken fully (Figure 4(b) ); the kinetic energy of debris cloud was too small to induce obvious damage on the honeycomb sandwich panel plate when impact angle was 60 ∘ . Therefore, damage of the second layer of honeycomb sandwich panel was studied only under the case of the impact angles of 45 ∘ and 30 ∘ in this paper, as shown in Figures 6 and 7 . Figure 4 (c) shows the projectile debris cloud form on the situation that the projectile has penetrated the first layer of honeycomb sandwich panel but did not impact the second layer when the impact angle was 45 ∘ . Big pieces did not break in the front of debris cloud, which are the main factors that lead to the perforation on front face sheet and then impacted the second layer of double honeycomb sandwich panel. Most of the scattered debris cloud cannot penetrate the front face sheet of second layer of double honeycomb sandwich panel, but splash after impacted the front face sheet as shown in Figure 6 (a). Figure 6(b) shows the damage of the second layer of honeycomb sandwich panel. According to the two perforations in front face sheet, we can know that there were two pieces of debris that impacted the front face sheet and formed punches and smaller piece of debris fully broken after getting through the front face sheet so that it cannot cause damage to the rear face sheet again. Large pieces of debris impact the rear face sheet after penetrating the front face sheet. The kinetic energy of debris cloud was too small to penetrate the back panel at that moment and only craters in the rear face sheet were formed.
Distribution and damage of debris cloud after the projectile impact the second layer of honeycomb sandwich panel of double when impact angle was 30 ∘ as shown in Figure 7 . There are three obvious perforations on the rear face sheet. The projectile was further broken when debris cloud penetrated the second layer of honeycomb sandwich panel so that the rear face sheet without obvious damage due to the velocity component of -axis at the impact angle of 30 ∘ is larger than 45 ∘ .
According to the analysis of the damage of projectile impact double honeycomb sandwich panel, it can be found that the impact damage was closely related to the oblique impact angle. The projectile broken degree, the debris cloud distribution, and the damage on each layer of honeycomb sandwich panel were different under different impact angles. were uncommon after the projectile penetrated the first layer of honeycomb sandwich panel at different impact angles, resulting the different damage shapes on the second layer of honeycomb sandwich panel. Incident angle of space debris impact the spacecraft is also different because the space debris and spacecraft orbit were different in the real space environment. It is terrible that the internal equipment of spacecraft and the other side of the bulkhead will be damaged if the space debris penetrated one side of the bulkhead. Critical penetration angle of the projectile oblique impact single honeycomb sandwich panel was studied in this paper based on using single honeycomb sandwich panel to simulate one side of the spacecraft bulkhead.
Critical Penetration Angle of
Projectile Oblique Impact on Honeycomb Sandwich Panel
Critical Penetration Angle of the Front Face Sheet.
The projectile penetrated first layer honeycomb sandwich panel would lead to more or less damage on the second layer honeycomb sandwich panel according to the study of the double honeycomb sandwich panel structure. On the other hand, critical perforation angle of single layer honeycomb sandwich panel is a part of a double honeycomb sandwich panel structure, so the critical penetration angle of projectile oblique impact on honeycomb sandwich panel was studied firstly. The critical penetration is infinitely close to penetration and unpenetration. The critical penetration angle of the front face sheet of a honeycomb sandwich panel was found through a lot of simulation tests based on dichotomy. Impact speed is 3 km/s, for example, to analyze the critical penetration angle of the front face sheet. The critical angle that the front face sheet cannot be penetrated was 87 ∘ as shown in Figure 8 (a).
The projectile was not broken, and only plastic deformation occurred at that time. Impact craters were formed on the front face sheet of the honeycomb sandwich panel, but it was unable to be punched. Critical penetration angle of the front face sheet was 85 ∘ as shown in Figure 8 (b). Local plastic deformation and broken of projectile occurred, and there were holes on the front face sheet at the same moment, so the critical penetration angle of the front face sheet was 86 ∘ . It can be viewed according to Figure 9 that projectile was not broken when projectile angle was greater than the critical penetration angle of the front face sheet. Therefore, critical penetration angle of the front face sheet is also the critical value of projectile broken. Symbol in this formula represents the collection of projectiles, which were not broken (see (2) ) and Symbol represents the collection of projectiles, which were broken (see (3)), represents the projectile incident angle, and̂represents critical penetration angle of the front face sheet: particles that enter inside of honeycomb core and vertical component of the projectile velocity was increased. Damage on the rear face sheet was also increased so that the critical perforation at the incidence angle of 70 ∘ occurred in rear face sheet. Therefore, the critical perforation angle of the rear face sheet was 71
Critical Penetration
∘ . The ability of projectile penetrating honeycomb sandwich panel is different when the impact speed of projectile or diameter is different. In order to study the critical perforation angle of front and rear face sheets of honeycomb sandwich panel at different impact speeds or diameters when oblique impacting, the impact test was simulated within the impacting speed range of 1.8∼3.4 km/s and the diameter is 3 mm, 4 mm, 5 mm, and 6 mm as shown in Figure 11 .
Simulation results were compared with the ballistic limit of a sandwich panel in order to testify the accuracy of the simulation. Equation (4) is an example of the generic form of the ballistic limit of a sandwich panel [14] . Particle diameter at ballistic limit was calculated at a diameter of 3 mm as shown in Table 6 . The simulation result showed good agreement with the calculation results.
In (4), is a particle diameter at ballistic limit, is thickness of rear wall (cm), 3 is a baseline (1.4 [15] ), is rear wall yield stress, is thickness of bumper, is incidence angle, V is normal component of velocity, and is projectile density. It can be seen that the critical perforation angle of front and rear face sheet increased slowly or are unchanged with the increase of impact velocity. The critical perforation angle of rear face sheet increased dramatically with the increase of diameter, especially the diameter from 3 mm to 4 mm, but the front face sheet increased slowly.
Conclusions
The distribution of the debris cloud and the damage of double honeycomb sandwich panel were simulated under oblique hypervelocity impact. In addition, the critical penetration angle of front and rear face sheets of honeycomb sandwich panel was obtained. The conclusions are as follows.
Projectile mass fraction of debris cloud decreases with the decrease of the impact angle which back-splashed and stayed inside of the first layer of honeycomb sandwich panel and then across the honeycomb core. However, the damage of first layer of honeycomb sandwich panel increased gradually. That result from the biggest perforation size of the front face sheet decreased accordingly, and the biggest perforation size of the rear face sheet increased firstly but then decreased.
The projectile mass fraction of debris cloud which get through the first layer of honeycomb sandwich panel was too little to damage the second layer when the impact angle was larger, but it increased gradually with the decrease of impact angle so that the damage of the front face sheet of second layer honeycomb panel became more and more obvious, and the damage degree of the second layer was related to crushing degree of projectile after penetrated the first layer. The projectile will not break when projectile angle was greater than the critical perforation angle of the front face sheet, but it will break gradually when projectile angle is less than the critical perforation angle.
The critical perforation angle of front and rear face sheet increased slowly or is unchanged with the increase of impact velocity. The critical perforation angle of rear face sheet increased dramatically with the increase of diameter, especially the diameter from 3 mm to 4 mm, but the front face sheet increased slowly.
For the research on the projectile oblique hypervelocity impact on double honeycomb panel, we only embarked on the study the distribution of projectile debris cloud and the level of damage of honeycomb panel under a velocity (3.07 km/s) and three incidence angles (60 ∘ , 45 ∘ , and 30 ∘ ) of projectile. Therefore, future studies are worthy to be carried out to explore this subject further, such that a wide range of the speed conditions will be investigated, especially at higher velocity (about 10 km/s). On the other hand, different geometric models that will affect the fragmentation degree of projectile, which in turn will affect the damage degree of honeycomb panel, will also be studied. At last, we expect to obtain the critical penetration angle of projectile oblique impact on double honeycomb sandwich panel by more experiments.
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